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Abstract

Background: One promising strategy for reducing human salmonellosis induced by
Salmonella Enteritidis is to supplement animal diets with natural feed additives such as
mannan oligosaccharides (MOS).

Objective: The aim of this study was to investigate the potential role of Salmosan® (S-
BGM), an extremely p-galactomannan-rich MOS product, in preventing epithelial
barrier function disruption induced by Salmonella Enteritidis colonization in an in vitro
model of intestinal Caco-2 cells in culture.

Methods: Differentiated Caco-2 cells were incubated for 3 h with Salmonella Enteritidis
at a multiplicity of infection 10 (MOI 10) in the absence or presence of 500 pg/mL S-
BGM. Paracellular permeability (PP) was assessed by transepithelial electrical
resistance (TER), D-mannitol and fluorescein isothiocyanate—dextran (FD-4) flux. Tight
junction (TJ) proteins and cytoskeletal actin were also localized by confocal
microscopy. Reactive oxygen species (ROS) and lipid peroxidation products were
evaluated. Scanning and transmission electron microscopy were used to visualize
Salmonella Enteritidis adhesion to, and invasion of, the Caco-2 cell cultures.

Results: Compared to controls, TER was significantly reduced 30 %, and D-mannitol
and FD-4 flux were significantly increased 374 % and 54 % in Salmonella Enteritidis-
infected cultures. The presence of S-BGM in infected cultures induced total recoveries
of TER and FD-4 flux to values that did not differ from control (P = 0.07 and P = 0.55,
respectively), and a partial recovery of D-mannitol flux. These effects were confirmed
by immunolocalization of actin, zonula occludens protein-1 (ZO-1) and occludin.
Similar results were obtained for Salmonella Dublin. The protection of S-GM on PP in
infected cultures may be associated with a total recovery of ROS production to values

that did not differ from control (P = 0.11). Moreover, S-BGM has the capacity to
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agglutinate bacteria, leading to a significant reduction in intracellular Salmonella
Enteritidis of 32 % (P < 0.05).

Conclusions: The results demonstrate that S-BGM contributes to protecting epithelial
barrier function in a Caco-2 cell model disrupted by Salmonella Enteritidis.

Key words: Salmonella Dublin, paracellular permeability, tight junction, TER, FD-4, D-

mannitol, occludin, ZO-1, actin, ROS

Introduction

Salmonella Enteritidis is one of the leading causes of food-borne salmonellosis in
humans worldwide. It is associated with the consumption of contaminated food of
animal origin, mainly poultry and eggs (1-5). In chickens, young birds are more
susceptible to Salmonella Enteritidis infection and to developing systemic disease with
varying degrees of mortality, whereas most adult animals typically remain

asymptomatic and thus become an important source of infection (6-8).

Salmonella possesses mannose-specific lectins in type-1 fimbriae that adhere to
glycoproteins in the intestinal epithelium (9) and allow passage through enterocytes and
microfold (M) cells (10). Uptake into non-phagocytic cells is facilitated by virulence
proteins delivered into the host cell cytoplasm by type Il secretion system 1 (T3SS-1).
Activation of T3SS-1 induces cytoskeletal rearrangements, bacterial internalization due
to the formation of lamellipodia, and nuclear reactions leading to the production of

proinflammatory cytokines (11).

Recent findings indicate that Salmonella can also disrupt intercellular junctions,

increasing paracellular permeability (PP) and transepithelial bacterial translocation, thus
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facilitating its pathogenicity (12, 13). Tight junctions (TJs), the most apical and rate-
limiting step for PP, are composed of transmembrane proteins, such as claudins and
occludin, and different cytosolic proteins [zonula occludens protein-1 (ZO-1), 2, 3, AF6
and cingulin] which form the nexus of transmembrane proteins with the cytoskeleton,

mainly with the perijunctional ring of actomyosin (14, 15).

The use of antibiotic growth promoters (AGP) in animal feed is prohibited in the
European Union due to the risk of developing resistance to antibiotics in human
consumers (regulation [EC] no. 1831/2003). However, natural feed additives such as
mannan oligosaccharides (MOS) are promising alternatives to AGP (16). MOS are
natural substances present in plants and in the wall of the yeast Saccharomyces
cerevisiae var. Boulardii, and have prebiotic properties (9, 17, 18). It has been reported
that MOS benefit the intestinal function by improving gut health (19) and enhancing
innate immune responses (16, 20). In addition, diverse bacterial strains other than
Salmonella may adhere to MOS by mannose-specific lectins in type 1 fimbriae, thus
competing for bacterial adhesion to glycoproteins in the intestinal epithelium, also rich
in mannose, and preventing intestinal infection (9, 21). In a previous study, we found
that dietary supplementation with [-galactomannans in chickens infected with
Salmonella Enteritidis increases villus length, and thus epithelial surface area, and

mucus production, an effect associated with improved intestinal barrier function (22).

In light of the above, the aim of this study was to investigate the potential role of
Salmosan® (S-pGM), a hydrolyzed MOS highly B-galactomannan-rich product
developed from the carob bean of the Ceratonia siliqua tree and guar bean of the

Cyamopsis tetragonoloba, in preventing epithelial barrier function disruption induced
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by Salmonella Enteritidis colonization in an in vitro model of intestinal Caco-2 cells.
Since oxidative stress is considered one of the main factors involved in epithelial barrier
function disruption (23), we also investigated the protective effect of S-pGM on the
production of intracellular reactive oxygen species (ROS) and on lipid peroxidation.
Moreover, given that Salmonella serovars may differ significantly in their human
pathogenic potential, we also studied the capacity of S-BGM to protect cultures infected
by Salmonella Dublin, which is present in cattle intestine and is more invasive and has a

more severe clinical course in humans than Salmonella Enteritidis (24).

Material and methods

Material

DMEM, trypsin, penicillin and streptomycin were supplied by GIBCO (Paisley,
Scotland). Dulbecco’s PBS (DPBS), HEPES, fluorescein isothiocyanate—dextran (FD-4,
average mol wt 3,000-5,000), genistein, H202, EDTA and other chemicals were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Tryptic soy agar (TSA) was
purchased from Thermo Fisher Scientific Oxoid (Hampshire, UK). Tissue culture
supplies, including Transwells, were obtained from Costar (Cambridge, MA, USA).
Cyclohexane (spectrophotometric grade), chloroform and methanol were purchased
from Panreac (Barcelona, Spain). Paraformaldehyde was purchased from Aname
(Barcelona, Spain). D-[2-*H]-mannitol (specific activity 30 Ci/mmol) was purchased
from American Radiolabeled Chemicals Inc. (St. Louis, MO). S-GM was kindly

provided by Industrial Técnica Pecuaria (ITPSA, Barcelona, Spain).

Bacterial growth



100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

Pathogenic Salmonella Enteritidis (phage type 4, nalidixic acid-resistant strain) and
Salmonella Dublin were provided by Dr. Ignacio Badiola from the Centre de Recerca
en Sanitat Animal (CReSA, IRTA-UAB, Bellaterra, Spain). To prepare the Salmonella
inoculum (NacCl, 9 g/L), the bacteria were grown at 37°C in TSA for 24 h and used in

the exponential growth phase as determined by absorbance at 600 nm.

Cell culture

Caco-2 cells were provided by the American Type Culture Collection and were cultured
as previously described (25). Cells (passage 63-80) were subcultured at a density of 10°
cells/cm? on polycarbonate filters (Transwells) for PP experiments, TJ protein
immunolocalization and transmission electron microscopy; at a density of 10* cells/cm?
on 12-well clusters for intracellular ROS determination, bacterial adhesion capacity and
invasion assay; in 150 cm? flasks for evaluation of lipid peroxidation; and on poly-L-

lysine coated glass coverslips in Petri dishes for scanning electron microscopy.

Infection of Caco-2 with Salmonella Enteritidis and Salmonella Dublin

The monolayers were washed twice and stabilized with DMEM without antibiotics for 2
h at 37°C in 5% COz. The cells were then incubated for 3 h with Salmonella Enteritidis
or Dublin in the apical compartment at a multiplicity of infection (MOI) of 3-50. The
same volume of saline solution was added to the monolayers that were not infected
(Control cells). Caco-2 cell viability was assessed from lactate dehydrogenase (LDH)
activity in the apical medium at the end of the incubation period with the bacterium,

following the manufacturer’s instructions (TECAN, Sunrise, Grodig, Austria).

S-BGM preparation
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S-BGM (patent WO2009/144070 A2, licensed to ITPSA) consists of a B-(1-4)-mannose
backbone with branched galactose molecules (galactose:mannose ratio of 1:4) plus -
mannanase. For the experiments, S-BGM was diluted in DMEM without antibiotics (10-
1000 pg/mL), vortexed and incubated for 30 min at 37°C, and then added to the apical

side of the monolayers 30 min prior to incubation with the bacterium.

Paracellular permeability

PP was estimated from transepithelial electrical resistance (TER) and transepithelial D-
mannitol and fluorescein isothiocyanate—dextran (FD-4) fluxes. For FD-4 flux, 9
mg/mL of FD-4 was added to the apical side of the monolayer two hours after
incubation with Salmonella, and at the end of the experiment, the amount of FD-4 was
quantified in an aliquot of the basolateral compartment by fluorimetry (Wallac 1420
Victor3 fluorometer, Perkin-Elmer, Waltham, MA) at excitation and emission
wavelengths of 480 nm and 535 nm respectively. TER and D-mannitol flux were
determined after 3 h incubation with Salmonella as described elsewhere (25). The
addition of 300 uM genistein to the apical side of the monolayer during Salmonella

incubation was also tested.

Confocal immunolocalization

At the end of the incubation period with the bacterium, Caco-2 monolayers were
immune-stained as described elsewhere (25). Mouse monoclonal anti-occludin (1:250
dilution; Life Technologies) and rabbit polyclonal anti-ZO-1 (1:250 dilution; Life
Technologies) were used as primary antibodies. Alexa dye-conjugated secondary
antibodies (1:300 dilution; Alexa Fluor 647 and 488, respectively, Life Technologies)

and phalloidin-tetramethylrhodamine B isothiocyanate to view the cytoskeletal
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subapical actin ring (1:500 dilution; Sigma-Aldrich) were used. Finally, cells were
examined with a confocal laser scanning microscope (TCS-SP5; Leica Lasertechnik,
GmbH, Germany). Images were taken using a 63x (numerical aperture 1.3, phase 3, oil)
Leitz Plan-Apochromatic objective and processed by ImageJ software (public domain,
National Institutes of Health) to quantify fluorescence in horizontal planes of the

monolayer as described by Martin-Venegas et al. (26).

Intracellular reactive oxygen species (ROS)

Intracellular ROS generation was evaluated by intracellular oxidation of 2°,7’-
dichlorofluorescein (DCFH) to the fluorescent compound dichlorofluorescein (DCF),
performed using a commercial intracellular ROS assay kit (OxiSelect™, Cell Biolabs
Inc., Bionova, Barcelona) following the manufacturer’s instructions. Prior to inoculation
with Salmonella, Caco-2 monolayers were washed with DPBS and incubated at 37°C
with DCFH (100 pumol/L in DMEM) for 40 min in attenuated light conditions. The
monolayers were then washed twice with DMEM without antibiotics to ensure the
removal of all unloaded indicator. At the beginning and end of the incubation period,
the intensity of fluorescence was measured (Wallac 1420 Victor3, Perkin-Elmer,
Waltham, MA) at excitation and emission wavelengths of 480 nm and 535 nm,

respectively.

Lipid peroxidation

Lipid ultraviolet absorption was used to monitor the formation of lipid oxidation
products measuring absorbance at 235 nm (mainly attributable to conjugated dienes)
and 270 nm (mainly attributable to secondary oxidation products). At the end of the

incubation period with the bacterium, Caco-2 cell cultures were trypsinized and 200 mg
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of pelleted cells was suspended in 1 mL of 0.1% EDTA. The suspension was mixed
with 6 mL chloroform-methanol (2:1) and homogenized (Polytron®, Kinematica,
Luzern, Switzerland) and the extracted lipid fraction was then decanted and reserved.
The suspension was extracted again with 6 mL of chloroform-methanol (2:1) and
homogenized, and this second lipid fraction was then decanted together with the first
one. The extracted lipid fraction was diluted with 4 mL of milliQ water and centrifuged
(400 g, 20 min). The chloroform phase was filtered through anhydrous sodium sulfate
(Whatman number 1), which was washed twice with 5 mL of chloroform. The lipid
extract thus obtained was concentrated to 1 mL in a vacuum rotatory evaporator at 35°C
and the rest of the solvent was removed first bay a slight nitrogen stream, and then by
keeping the flask in a vacuum desiccator at 10 mm Hg for 2 h. The organic solvent was
removed under a rotary evaporator and nitrogen stream. The extracted lipid fraction was
then dissolved in 2 mL of cyclohexane, and absorbance was determined in a double-
beam spectrophotometer (Shimadzu UV-160A, Japan) at 235 nm and 270 nm. The
spectrophotometric conditions were as follows: spectrum range 200-300 nm and 1 cm

quartz cuvettes.

Scanning and transmission electron microscopy

For scanning electron microscopy, the cells were processed after the incubation period
as previously described (21), except that cells were fixed in 2.5% paraformaldehyde in
PBS (0.1 M, pH 7.4). The samples were examined in a Zeiss DSM 940A (Oberkochen,
Germany) microscope operating at 15 kV. For transmission electron microscopy, the
cells were prepared as previously described (27) and observed in a JEOL JEM 1010

microscope (Tokyo, Japan) operating at 80 kV.
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Cell-associated bacterial experiment

To evaluate Salmonella invasion, at the end of the incubation period of Caco-2 cells
with the bacterium, monolayers were washed and incubated for an additional 1 h with
DMEM containing 100 U/mL penicillin and 100 pg/mL streptomycin at 37°C to kill
residual adhered extracellular bacteria. After treatment with antibiotics, the monolayers
were washed three times with DPBS and lysed by addition of 0.5% Triton-X100 in
DPBS. The resulting suspension was serially diluted in DPBS and plated onto TSA at
37°C for 24 h. To investigate Salmonella adhesion, considered as Salmonella adhered to
the epithelium plus invasion, the same protocol was followed except that incubation
with antibiotics was omitted. The effect of S-pGM on Salmonella viability was
investigated in a bacterial suspension in DMEM with the same bacterial concentration
as in Caco-2 cell culture experiments. The suspension was incubated for 3 h at 37°C in
the absence or presence of S-BGM, and at the end of the incubation period, a sample of

the suspension was serially diluted in DPBS and plated onto TSA at 37°C for 24 h.

Statistical analysis
Data were analyzed by 1-way ANOVA followed by Bonferroni’s or Dunnett’s post hoc
tests, or Student’s t test using SPSS® software (SPSS Inc. Chicago, IL). P < 0.05 was

considered to denote statistical significance.

Results
To establish the experimental conditions, a MOI of 10 was chosen since this is the
lowest infection ratio that induced a significant effect on TER and D-mannitol flux

(Figure 1) without affecting LDH activity (data not shown).
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The protective effect of S-BGM in Salmonella Enteritidis infection was tested for 4
product concentrations: 10, 100, and 500 pg/mL and 1 mg/mL (data not shown). Of
these, 500 pug/mL was the lowest concentration that showed a protective effect on both
TER (Figure 2A) and D-mannitol flux (Figure 2B), and no differences were detected
with respect to the highest concentration tested (P = 0.12 and P = 0.06 for TER and D-
mannitol flux, respectively). While protection was complete for TER (P = 0.07 respect
to Control), D-mannitol flux did not attain Control values. When FD-4 flux were
investigated (Figure 2C), the results showed a lower effect for Salmonella infection
(MOI of 10; 1.6-fold increase for FD-4 flux compared to 4.8-fold increase for D-
mannitol flux) and a complete protective effect for 500 pug/mL S-BGM (P = 0.55 respect
to Control). The results also showed that genistein, a tyrosine kinase inhibitor (28),
partially prevented changes in D-mannitol flux, whereas totally recovery was seen in

TER values (P = 0.05 respect to Control).

In Control cultures, occludin, ZO-1 and subapical actin ring were visualized delineating
the cellular borders (Figure 3A). In cultures infected with Salmonella Enteritidis, the
images revealed that the three proteins showed a reduction in fluorescence and lost their
outline, and these results were confirmed by fluorescence quantification in these images
(Figure 3B). The images also revealed the appearance of diffuse cytoplasmic occludin
accumulations. In the case of actin, stellate focal points of fluorescence were observed
in the convergence of several cells (Figure 3A). Incubation with S-BGM led to the
recovery of fluorescence (Figure 3A and B) for ZO-1 and actin, although stellate actin
accumulations did not disappear. As for occludin, the images revealed the presence of

abundant cytoplasmic accumulations.
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Infection with Salmonella Enteritidis significantly increased ROS production, which
was completely prevented by S-BGM (P = 0.11 with respect to Control) (Figure 4).
Regarding lipid peroxidation, Salmonella Enteritidis significantly increased the
production of conjugated dienes and secondary oxidation products (Figure 5). The
addition of S-BGM in infected cultures did not significantly reduce the formation of
conjugated dienes and secondary oxidations products (P = 0.07 and P = 0.20,

respectively).

The results of cell-associated bacterial experiments (Table 1) indicated that S-pGM
caused a significant reduction in intracellular Salmonella Enteritidis, although no effect
on bacterial adhesion to Caco-2 cell cultures was detected (P = 0.30). Moreover, the
data also indicated that S-BGM did not affect the viability of Salmonella Enteritidis (P =
0.80). Scanning and transmission microscopy images (Supplemental Figure 1) showed
the capacity of S-BGM to agglutinate Salmonella Enteritidis to the surface of this
product, which leads to a reduction in bacteria adhered to the epithelium as well as the

formation of ruffles in an infected enterocyte.

In the case of Salmonella Dublin (Table 2), a MOI as low as 3 had the capacity to
modify TER and D-mannitol flux. The highest MOI tested, 50, reduced TER and
increased D-mannitol flux but also significantly increased LDH activity. For this reason,
further experiments were performed with a MOI of 3. In these conditions, as for
Salmonella Enteritidis, 500 pg/mL was the S-BGM concentration showing the highest
protective effect, here again complete for TER (P = 0.80 respect to Control) and partial
for D-mannitol flux. In the case of FD-4 flux, as in Salmonella Enteritidis infection, a

lower effect was observed in comparison to the results obtained for D-mannitol (MOI of



275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

14

3; 1.2-fold increase for FD-4 flux compared to 7.0-fold increase for D-mannitol flux).
Moreover, a complete protective effect of S-pGM was observed (P = 0.46 respect to
Control). Confocal images (Supplemental Figure 2) revealed similar results to those

obtained for Salmonella Enteritidis.

Discussion

In a previous study, we found that S-BGM in chickens infected with Salmonella
Enteritidis improved ZO-1 localization in the TJ (22), but we did not explore a possible
direct interaction with intestinal epithelial cells in a model suitable for the study of
epithelial barrier function. In the present study, however, we examined the effect of S-
BGM in an in vitro model of intestinal Caco-2 cell culture, in which epithelial barrier
function was disrupted by colonization with Salmonella Enteritidis and Dublin. Our
results coincide with previous data suggesting a higher human pathogenic potential for
Salmonella Dublin (24), since a lower MOI is sufficient to obtain similar effects on PP

to those of Salmonella Enteritidis.

In the TJ, two routes have been reported to be involved in PP (29): a size-restrictive
pore pathway permeable to small solutes and ions, and a non-restrictive leak pathway
that regulates the flux of larger non-charged solutes, including macromolecules and
bacterial antigens. Watson et al. (30) found that the size-restrictive pore pathway is
normally present in mature Caco-2 cells and that the large-channel pathway is created in
response to TJ-disrupting agents. TER measures the flux of small ions that do not
discriminate between the pore and leak pathways (31). Similarly, D-mannitol, with a
molecular radius of 4.1-10* pm, is unsuitable for measuring TJ selectivity. However,

FD-4, with a molecular radius of 1.4-10 um exclusively permeates the leak pathway
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(32). In the case of Salmonella Typhimurium, several authors have described an
increase in inulin and dextran fluxes, which are also considered to permeate the leak
pathway (12, 13, 33). Therefore, the increase in FD-4 flux observed in the present study
indicates the involvement of the leak pathway in Salmonella Enteritidis and Dublin
infection. Interestingly, the total recovery induced by S-BGM in FD-4 flux suggests that
this product reverses the effect of salmonellae on the leak pathway. Nevertheless, we
cannot rule out the possibility that salmonellae also have an effect on size-restrictive
pores since S-BGM did not completely reverse D-mannitol flux. In this respect, TNF-a,
the main cytokine involved in salmonellae inflammatory effects (32) has been reported

to increase permeability to both small and large molecules (34).

The loss of ZO-1 and occludin fluorescence in the TJ is a common feature also observed
for Salmonella Typhimurium (12, 13, 35 36). We also observed the redistribution of
Z0O-1 in the intestine of chickens infected with Salmonella Enteritidis (22). As regards
the presence of cytoplasmic occludin, this effect has also been reported in infection with
Salmonella Typhimurium, and has been associated with protein dephosphorylation and
redistribution from TJ to small cytoplasmic vesicles (13). Confocal images furthermore
revealed the formation of stellate actin focal points of fluorescence in the convergence
of several cells. Jepson et al. (37) attributed the formation of these structures to
contraction of the perijunctional actomyosin ring in cells infected with Salmonella
Typhimurium. In the case of Salmonella Enteritidis, La Ragione et al. (38) also
observed cytoskeletal actin rearrangements induced by invading bacteria. The activation
of tyrosine kinases has been implicated in actin rearrangements induced by Salmonella
through the phosphorylation of several host proteins. Our results revealed that genistein

prevented the effects of Salmonella Enteritidis on PP. Along the same lines, Wells et al.
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(39) and Murli et al. (40) found that genistein reduces the invasion of Salmonella
Typhimurium by a mechanism associated with the protection of perijunctional actin
distribution. They also observed the capacity of genistein to reverse the effect of
Salmonella Typhimurium on TER (39). Thus, we have corroborated the involvement of
the perijunctional actin ring in Salmonella Enteritidis infection. Not all these changes in
fluorescence distribution and quantification were completely reverted when the cultures
where incubated with S-BGM. Similarly, Marchiendo et al. (41) reported that occludin
accumulations remained elevated in the cytoplasm for a long period after the disruption
of epithelial barrier function, thus providing an explanation for the absence of any

recovery of occludin in our experimental conditions.

The mechanisms by which macrophages kill Salmonella via the production of ROS and
reactive nitrogen species (RNS) are well described, as are the strategies employed by
Salmonella to overcome oxidative stress (42). Nevertheless, there is little information
concerning the generation of oxidative stress in infected enterocytes. Similar to our
observations, Mehta et al. (43) observed that a cholera-like enterotoxin produced by
Salmonella Typhimurium increases the production of conjugated dienes. In addition, we
also found that the infection increases secondary oxidation products and intracellular
ROS. In contrast, those authors found a correlation between oxidative stress and a
reduction in cell viability, an effect that we did not observe since LDH activity was not
modified in the range of MOlIs tested. These results may indicate the involvement of
oxidative stress in the TJ disruption induced by Salmonella Enteritidis. Moreover, it is
interesting to note that oxidative stress also induces tyrosine phosphorylation of TJ
proteins, causing the dissociation of occludin-ZO-1 complexes, and the dissociation of

these complexes from cytoskeletal proteins (44). Therefore, oxidative stress seems to be
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an important factor in the effects of Salmonella Enteritidis on epithelial barrier function;
the reduction in ROS production in the presence of S-BGM may be responsible for the
recovery of the epithelial barrier function, while the remaining cytoplasmic occludin
accumulations may be related to the incomplete recovery of the control lipid

peroxidation levels and D-mannitol flux exerted by this MOS.

In a previous study, we observed the capacity of S-BGM to reduce Salmonella
Typhimurium adhesion to porcine intestinal epithelial cells (21). Our results in Caco-2
cells infected with Salmonella Enteritidis revealed that S-pGM did not affect bacterial
adhesion, but did reduce epithelial invasion. One plausible explanation is that under
these conditions, S-BGM remained adhered to the epithelium, and the bacteria adhered
to the surface of S-BGM were counted as part of the adhesion. This difference may arise

from differences in mannose receptors between Caco-2 and IPI1-2I cells.

In summary, the capacity of S-BGM to modulate the leak pathway, reduce ROS
production and agglutinate bacteria contributes to its protective effect on epithelial
barrier function. This capacity is clearly demonstrated in the Caco-2 cell model
described here, in which a direct effect on PP was observed. Moreover, this product also
reduces the number of M cells, increases the production of mucus, and modulates the
immune response (21, 22). In conclusion, our data provide further evidence of the
positive effects of the inclusion of this product in animal nutrition and of its benefits for

human consumers.
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Table 1. Effect of S-BGM on Caco-2 cell invasion and adhesion and Salmonella

Enteritidis viability.

SE SE + S-BGM
Invasion (CFU-10%mL)! 34+35 23 £ 2.7%
Adhesion (CFU-10°/mL)* 90+7.1 111 +18.2
Viability (CFU-10%mL)? 86 + 9.2 8965

1Caco-2 cells were incubated for 3 h in the presence of Salmonella Enteritidis MOI 10
or Salmonella Enteritidis plus S-BGM (500 pg/mL). 2Salmonella Enteritidis was
incubated for 3 h in the absence or presence of S-BGM (500 pg/mL). Results are
expressed as the mean + SEM of n = 4 experiments. *Differ from SE, P < 0.05
(Student’s t test). MOI, multiplicity of infection; S-BGM, Salmosan®; SE, Salmonella

Enteritidis.
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Table 2. Effect of S-BGM on epithelial barrier function and viability of Caco-2 cells

infected with Salmonella Dublin?.

TER D-mannitol
LDH (Abs) (Q-om?-109) flux FD-4 flux (FI)
i (fmol/cm?)
Control 0.32 +0.0030P 226 +£0.0514*  4.0+0.32¢ 054+ 0.036%°
MOI 3 0.33 £0.0047° 1.50£0.0815° 28.4+252° 0.64 +0.041%
MOI 5 0.33 +0.0036" 1.43+£0.109°  22.1+225° ND
MOI 10 0.33+0.0034" 1.55+0.0619° 21.1+1.72° ND
MOI 50 0.35+0.0046*  0.858 £ 0.0674° 41.8+1.70? ND
MOI 3 + S-BGM 0.32 £ 0.0049° 2.22+0.0873% 19.3+2.14° 0.51+0.029

YCultures were incubated for 3 h in the absence (Control) or presence of Salmonella

Dublin (from MOI 3 to 50) and Salmonella Dublin plus S-BGM (500 ug/mL). Results

are expressed as the mean + SEM of n = 12 monolayers. Labeled means in a column

without a common letter differ, P < 0.05 (post hoc Bonferroni test). Abs, Absorbance;

FD-4, fluorescein isothiocyanate—dextran; Fl, intensity of fluorescence; LDH, lactate

dehydrogenase; MOI,

multiplicity of infection;

Salmosan®; TER, transepithelial electrical resistance.

ND,

not determined; S-BGM,
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Figure legends

Figure 1. TER and D-mannitol flux in Caco-2 infected with Salmonella Enteritidis at
different MOls. Cultures were incubated for 3 h in the absence (Control) or presence of
increasing MOIs of Salmonella Enteritidis (from MOI 3 to 50). Results are expressed as
the mean + SEM of n = 9 monolayers. * Different from Control, P < 0.05 (post hoc

Dunnett test). MOI, multiplicity of infection; TER, transepithelial electrical resistance.

Figure 2. Protective role of S-BGM on epithelial barrier function in Caco-2 cells
infected with Salmonella Enteritidis. TER (A), D-mannitol flux (B) and FD-4 flux (C)
in cultures incubated for 3 h in the absence (Control) or presence of Salmonella
Enteritidis (MOI 10) and Salmonella Enteritidis plus S-BGM (500 pg/mL) or genistein
(300 uM). Results are expressed as the mean + SEM of n = 15 monolayers for TER and
D-mannitol flux and n = 12 for FD-4 flux. Labeled means without a common letter
differ, P < 0.05 (post hoc Bonferroni test). FD-4, fluorescein isothiocyanate—dextran;
FI, intensity of fluorescence; MOI, multiplicity of infection; S-pGM, Salmosan®; SE,

Salmonella Enteritidis; TER, transepithelial electrical resistance.

Figure 3. Recovery of TJ protein localization by S-BGM in Caco-2 cells infected with
Salmonella Enteritidis. Occludin, ZO-1 and actin confocal images (A) and intensity of
fluorescence calculated from these images (B) in cultures incubated for 3 h in the
absence (Control) or presence of Salmonella Enteritidis (MOl 10) and Salmonella
Enteritidis plus S-BGM (500 pg/mL). The results shown are representative of 3
experiments. Fl, intensity of fluorescence; MOI, multiplicity of infection; S-BGM,

Salmosan®; SE, Salmonella Enteritidis; ZO-1, zonula occludens protein-1.
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Figure 4. S-BGM reduces ROS production in Caco-2 cells infected with Salmonella
Enteritidis. Cultures were incubated for 3 h in the absence (Control) or presence of
Salmonella Enteritidis (MOI 10) and Salmonella Enteritidis plus S-pGM (500 pg/mL).
H20. (1 mmol/L) was used as positive Control. Results are expressed as FI = (Flan-
Flon)/Flon x 100, as the mean £ SEM of n = 12 monolayers. Labeled means without a
common letter differ, P < 0.05 (post hoc Bonferroni test). Fl, intensity of fluorescence;
MOI, multiplicity of infection; ROS, reactive oxygen species; S-GM, Salmosan®; SE,

Salmonella Enteritidis.

Figure 5. Effect of S-BGM on lipid peroxidation in Caco-2 cells infected with
Salmonella Enteritidis. Cultures were incubated for 3 h in the absence (Control) or
presence of Salmonella Enteritidis (MOI 10) and Salmonella Enteritidis plus S-pGM
(500 pg/mL). Absorbance at 235 nm was mainly attributed to conjugated dienes and
270 nm, to secondary oxidation products. Results are expressed as absorbance
normalized by cell number, as the mean £ SEM of n = 8 experiments (each experiment
consisted of 4 monolayers for each condition). For each series, labeled means without a
common letter differ, P < 0.05 (post hoc Bonferroni test). Abs, Absorbance; MOI,

multiplicity of infection; S-BGM, Salmosan®; SE, Salmonella Enteritidis.
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Online Supporting Material

Supplemental Figure 1. S-BGM agglutinates Salmonella Enteritidis in Caco-2 cell
cultures. Scanning (A-C) and transmission electron microscopy images (D) of cultures
incubated for 3 h in the absence (A, Control) or presence of Salmonella Enteritidis (B
and D, MOI 10) and Salmonella Enteritidis plus 500 pg/mL S-BGM (C). The arrow
indicates bacteria attached to the surface of the product. The images are representative

of 3 experiments. MOI, multiplicity of infection; S-pGM, Salmosan®.
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Online Supporting Material

occludin

Control

Salmonella

Salmonelia Dublin

Supplemental Figure 2. Recovery of TJ protein localization by S-BGM in Caco-2 cells
infected with Salmonella Dublin. Immunofluorescence images of occludin, ZO-1 and
actin in cultures incubated for 3 h in the absence (Control) or presence of Salmonella
Dublin (MOI 3) and Salmonella Dublin plus S-BGM (500 pg/mL). The results shown
are representative of 3 experiments. MOI, multiplicity of infection; S-BGM,

Salmosan®; Z0-1, zonula occludens protein-1.



